Development of technology to improve the mineralization of organic fertilizer and to enhance 22 crop production is essential to achieve the transition from traditional farming to eco-friendly 23 organic farming. Nanobubble oxygation (NB) was employed to compare with traditional pump 24 aerated oxygation (AW) and a control group through both soil incubation and soil column 25 experiments. Plant-available N and P contents in the NB treatment group were higher than 26 that in the AW and control groups. Enzymatic activities including β-1,4-N-acetyl-27 glucosaminidase, phosphatase, α-1,4-glucosidase, β-1,4-xylosidase, peroxidase, and phenol 28 oxidase were significantly higher in both oxygation groups compared with the control. The soil 29 microbial biomass, activity, and diversity were also significantly improved due to the oxygation 30 treatment. Additionally, the microbial metabolic functions were shifted in both oxygation 31 treatments compared with the control group. The final tomato yield increase from the NB 32 treatment group was 23%, and that from the AW treatment 17%, compared with the control. 33 4 36 52 the applied nutrients from the organic fertilizer can only be utilized by crops after 53 decomposition and mineralization of organic matter and release of plant-available nutrients, 54 such as nitrogen and phosphorous. It has been reported that only 35%, 39%, and 53% of the 55 plant-available nitrogen can be released from cow, pig and chicken manures on farmland over 56 6 months, respectively. 8 As a result, crop production in organic farming has been 57 demonstrated to be up to 25% lower than that in conventional agriculture using chemical Page 4 of 29 ACS Paragon Plus Environment Journal of Agricultural and Food Chemistry 5 58
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Introduction

48
Organic farming is an ideal environmentally-friendly agricultural system, which relies on 49 organic fertilizers derived from livestock manure, crop residues or human excreta. 6 Organic 50 farming also strives for sustainability by promoting natural pest control and minimising 51 environment pollution from synthetic pesticides and antibiotics. 7 However, in organic farming,
Previous studies have mainly focused on the effects of oxygation on 81 plant physiology, crop yield, quality, and water use efficiency. Soil oxygation can directly 82 improve the plant root growth and nutrient uptake by providing required oxygen for root 83 respiration and energy generation. 20 However, evaluating the effect of oxygation on soil 84 properties is also important in order to reveal the mechanisms for crop yield enhancement. It 85 has been proven that soil microbial structure, activity and metabolic functions in the soil could 86 be altered, associated with the change of soil oxygen content. 21 Moreover, enzyme activity in 87 soil is important as it directly influences biochemical processing of soil nutrients. 22 Therefore, 88 studying the metabolic functioning of the microbial community, and soil enzyme activity, 89 coupled with the mineralization of organic fertilizer after the oxygation treatment, can help 90 us better understand the mechanisms of altered crop growth.
91
To evaluate the effect of the proposed nanobubble oxygation method on organic 92 fertilizer mineralization and crop growth, the tomato plant and cow manure compost were 93 selected as the model crop and target organic fertilizer, respectively. Firstly, a soil incubation 94 experiment was conducted to 1) investigate the effect on organic fertilizer mineralization by 95 monitoring the plant available nitrogen (NH 4 + , NO 3 -) and phosphorus (PO 4 3-); 2) evaluate the 96 influence on soil enzymes activities related to C-, N-, and P-cycling; 3) detect the response of 97 the metabolic functioning of the soil microbial community. Secondly, a soil column experiment 98 was set up to 4) study the hypothesized positive effect of nanobubble oxygation on tomato 99 growth and yield. From the results, this study aimed to demonstrate a promising agri-100 nanotechnology, nanobubble oxygation, for the improvement of crop yields in organic farming. 8 123 mixed with 600 g of the topsoil at a rate of 1.5% then placed in 1 L transparent plastic jars.
124
The soil was compacted to give a bulk density of 1.3 g cm -3 . The jars were covered with loose 125 lids to allow air circulation but to minimize water evaporation. There were twelve replicates 126 jars in each treatment group and the incubation lasted for 28 days in an illuminated incubator 127 with constantly dark environment at 25 °C. During the incubation period, all soil jars were 128 maintained at 65% field water-holding capacity. The weight loss of each jar was checked every 129 two days, and corresponding irrigation water was added to maintain a constant soil moisture 130 content. In the AW and NB treatment groups, MBC concentrations were significantly increased by 17% 235 and 26%, respectively, compared to the control treatment. related enzyme, Phosphatase (Fig. 4b) , were significantly higher in the oxygenated groups 248 than the control. There was no significant difference between the NB and AW irrigation groups 249 in the enzyme activity, though for both enzyme activity was higher than for the control group.
250
For the C-cycling related enzymes, the oxygation treatments slightly improved the activities of 251 α-1,4-glucosidase ( Fig. 4c) , β-1,4-xylosidase (Fig. 4d ), and phenol oxidase (Fig. 4f ) compared 252 with the control groups. Both AW and NB treatment significantly improved the peroxidase 253 activity compared with the control samples, however, there was no significant difference 254 between them (Fig. 4e) . capabilities of the soil microbial communities for carbon utilization were strengthened in the 277 oxygation treatment groups (Fig. 5a ). However, only amino acids showed significantly higher communities. The data between NB and AW groups are generally overlain (Fig. 5b) . 
Tomato growth and yield 294
The soil oxygation treatments from both AW and NB significantly improved the tomato 295 growth as measured by improved stem diameter (Fig. 6a ) and plant height (Fig. 6b ) at the early 296 stage of plant growth on day 15 and 30. However, by day 45, these differences were not 297 significant in both AW and NB treatment groups compared with the control group ( Fig. 6a and   298 b). The tomato biomass from the NB oxygation group yielded a significantly higher value 299 (around 547 g/plant) than that (around 447 g/plant) from the control group, an enhancement 300 of some 22% ( Fig. 6 c and d) . The tomato yield from AW oxygenation treatment group was 301 around 523 g/plant, which was 17% higher than the control group. the oxygation approach substantially supply the oxygen, NH 4 + can be transformed to plant 327 available NO 3through nitrification process. 36 Thus, the substantially higher content of NO 3 -328 compared with NH 4 + (Fig. 3a) , may be due to the dominant nitrification process under such an 329 aerobic environment. Moreover, the significantly higher nutrients under NB oxygation may be 330 attributable to the large amounts of nanoscale bubbles in NB-aerated irrigation water (Fig. 2) .
331
The NB has a low buoyancy and long lifetime, where the filled air or oxygen can be slowly 332 dissolved into the soil interstitial water and sustainably supply the oxygen 37 required for the 333 mineralization of organic fertilizer. The effective oxygen supply by NBs may also result the high 334 speed of the organic fertilizer mineralization and plant-available N in the soil achieved the 335 highest value in day 17 (Fig. 3a) . Similar level was shown in day 28 may cause by the thoroughly groups in this study ( Fig. 3d and Table 1 ). The differences of microbial metabolic functions in oxygenation treatments not only boosted microbial activity, but also played a constructive 349 role in increasing functional diversity of soil microbial communities. 42 Even though the 350 microbial metabolic functions (Fig. 5b) were undifferentiated between the normal pump-351 aerated and nanobubble-aerated irrigation treatments, gene level differences in the soil 352 microbial communities may be significant, which need to be further studied.
353
Soil extracellular enzymes are mainly synthesized and secreted by soil microorganisms. 43
354
Changes in metabolic function and diversity of soil microbial community might cause the 355 fluctuation of soil enzyme activities. Previous studies found some soil enzyme activities were 356 greater in soils treated by aeration than in those without. 35, 44 In this study, we found soil 357 enzyme activities were increased by oxygation treatment. The mechanism may be due to the 358 stimulation of microbial growth and the increase in the activity of the extracellular enzyme-359 organo complex. 45 Among the 6 enzymes we measured (Fig. 4) , the activities of C-cycling shift toward increased C acquisition as N and P becomes readily available for plant growth.
363
Increases in enzyme activities may reflect and stimulate soil microbial activity, thereby 364 increasing the quantities of nutrients available to plants. 46 However, the similar enzymes 365 activities were observed in the two oxygation treatments, which may due to the relative short 366 soil incubation time before the sampling.
367
Plant height and stem diameter were significantly increased in the early stage of tomato 368 plant growth (15, 30 days) in both oxygation treatments (Fig. 6) . The result is consistent with and height) achieved the same level at the final stage after the fruit had ripened (Fig. 6 ). Similar 372 results were also found for the tomato cultivation under aerated irrigation. 12 which may due 373 to the same amount of fertilizer application in all groups. It has been reported that the tomato 374 yield with oxygation treatment was around 19% higher when compared to non-oxygation 375 treatment. 48 In the present study, the AW treatment with traditional pump-aerated irrigation 376 reached a similar increase (17%) of tomato production, while the nanobubble-aerated 377 irrigation achieved around a 23% improvement in yield ( Fig. 6 c) , which is comparable to the 378 losses (up to 25%) generally attributed to the transition from traditional farming using 379 chemical fertilizer to organic farming using organic fertilizer. 9 Therefore, the present study Thus, the plant gene alteration and fruit nutrition changes will need to be further studied.
389
In conclusion, the nanobubble oxygation treatment for organic farming was evaluated 390 for the improvement of organic fertilizer mineralization and tomato production, compared 
